Surugapyrone A, a novel 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging 2-pyrone, was isolated from the culture filtrate of an actinomycete strain USF-6280. This strain was assigned to the genus Streptomyces owing to its morphological and chemotaxonomic characteristics. Phylogenetic analysis based on 16S ribosomal RNA gene sequences supported the classification of the producing strain as a member of the genus Streptomyces and indicated that it was closely related to Streptomyces coelicoflavus. As the morphological, physiological and biochemical characteristics of the producing strain were in agreement with those of the type strain of S. coelicoflavus, we concluded that strain USF-6280 should be identified as a member of S. coelicoflavus. The structure of surugapyrone A was determined to be 4-hydroxy-6-isopropyl-3-methyl-2-pyrone on the basis of the spectroscopic data. The results of feeding experiments with 13 C-labeled compounds indicated that surugapyrone A was biosynthesized through a polyketide pathway involving isobutyrate, acetate and propionate.
INTRODUCTION
During the course of screening for antioxidants from microbial metabolites, our research group isolated several interesting 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging compounds. [1] [2] [3] [4] [5] [6] Recently, we found that Streptomyces sp. strain USF-6280 obtained from a soil sample collected in Suruga-ku, Shizuoka-city, Japan, produced two new DPPH radical-scavenging N-hydroxypyrrole compounds-surugapyrroles A and B. 7 Furthermore, from the same microorganism strain we isolated a new 4-hydroxy-2-pyrone compound-surugapyrone A-that has DPPH radical-scavenging activity.
This paper describes taxonomic characterization and identification of the producing strain, and cultivation, isolation, structure elucidation and biosynthesis of surugapyrone A.
RESULTS

Taxonomy of the producing strain
The strain USF-6280 grew well on all media tested; that is, yeast extract-malt extract agar (ISP 2), oatmeal agar (ISP 3), inorganic saltsstarch agar (ISP 4), yeast-starch agar (YS), V8 juice agar (V8), Bennett's agar and Gauze's synthetic medium no. 1. Pale gray aerial mycelia were produced on ISP 2, ISP 3, ISP 4, YS and V8, and the vegetative mycelia were orange to yellow or pale brown on all the media tested. No melanoid pigments were produced in the peptoneyeast extract-iron agar (ISP 6) and tyrosine agar (ISP 7), and no other soluble pigments were produced in any of the media tested. Detailed physiological results are given in Table 1 . The strain USF-6280 formed open spiral chains consisting of 450 spores with smooth surfaces on the aerial hyphae ( Figure 1 ) and was found to contain LL-A 2 pm as the diamino acid of the peptidoglycan. An almost-complete 16S ribosomal RNA (rRNA) gene of strain USF-6280 with a length of 1478 bp was amplified by using PCR and sequenced and aligned with the corresponding sequences of selected organisms obtained from the DDBJ (DNA Data Bank of Japan, Shizuoka, Japan). A neighborjoining tree is shown in Figure 2 .
Cultivation of strain USF-6280
The strain USF-6280 was cultivated on a reciprocal shaker for 4 days at 30 1C in 0.5-l flasks each containing 100 ml of a medium consisting of glucose 1%, polypeptone 0.2%, meat extract 0.1%, yeast extract 0.1%, adjusted at pH 7.2.
Isolation of compound 1
The culture broth of strain USF-6280 (10 l) was filtered and the culture filtrate was extracted with EtOAc at pH 3. The resulting extract was concentrated and applied to a silica gel column eluted with n-hexane-EtOAc. The n-hexane/EtOAc (1:1) eluate fraction showed DPPH radical-scavenging activity in the TLC assay. 8 This fraction was further applied to a silica gel column and eluted with n-hexane/EtOAc (2:1). The active fraction was purified by repeated Sephadex LH-20 column chromatography (MeOH), and the fraction containing DPPH radical-scavenging compounds was purified using preparative ODS HPLC (CH 3 CN-H 2 O-TFA). Finally, compound 1 was isolated as colorless needles together with a mixture containing other related compounds; yield, 49.1 mg.
Structure elucidation
The molecular formula of 1 was determined to be C 9 H 12 O 3 by the pseudomolecular ion [M+H] + (found m/z 169.0874, calcd. for C 9 H 13 O 3 m/z 169.0865) of the HR FAB-MS. In the UV spectrum of 1, an absorption maximum was observed at 287 nm (Table 2) , suggesting the presence of a 2-pyrone moiety. 9, 10 In the 1 H-NMR spectrum of 1 (Table 3) , the proton signals observed include two overlapping doublet methyl signals, a singlet methyl signal, a septet methine signal and an olefinic signal. This spectrum therefore indicates the presence of one methyl group, one isopropyl group and one trisubstituted olefin in the structure of 1. As only eight carbon signals were observed in the 13 C-NMR spectrum of 1 (Table 3) , it seems that the expected carbon signal at d 20.3 overlaps with the two methyl carbon signals from the isopropyl group. The HMBC spectrum showed a number of cross-peaks. These cross-peaks were visible between the singlet methyl proton at d 1.85 (3-CH 3 ) and the three carbon signals (d 98.9 (C-3), 167.9 (C-4) and 169.0 (C-2)), between the methyl protons of the isopropyl group at d 1.22 (H-2¢ and 1¢-CH 3 ) C-6) ). These data confirm the identity of 1 to be 4-hydroxy-6-isopropyl-3-methyl-2-pyrone ( Figure 3 ). As this compound is a novel, we named it 'surugapyrone A' .
DPPH radical-scavenging activity Surugapyrone A (1) had an ED 50 value of 500 mM as determined by the DPPH radical-scavenging activity assay after standing for 5 h. In the case of the short reaction time of 30 min, the ED 50 value of 1 was shown to be 4.2 mM, and the DPPH radical-scavenging activity of 1 is therefore mild as compared with that of the positive control butylated hydroxytoluene (ED 50 : 33.8 mM).
Biosynthesis of surugapyrone A (1)
Production of surugapyrone A (1) was initiated approximately 48 h after inoculation under the culture conditions of this study, and it increased up to 96 h; the amount of 1 in the medium remained constant between 96 and 144 h. Surugapyrone A (1) (ca 0.5 mg) was yielded from 100 ml of the culture broth after 120 h. Therefore, a biosynthetic study on surugapyrone A (1) was undertaken by conducting feeding experiments with a variety of 13 C] methionine, were separately added to the fermentation broth of S. coelicoflavus strain USF-6280, which had been cultured in a medium for 48 h at 30 1C; the derived media were then incubated for an additional 72 h.
In the feeding experiment with [1-13 C] sodium acetate, only the C-4 carbon signal was enriched in the 13 C-NMR spectrum of 1. In the subsequent experiment with [1-13 C] sodium propionate, only the C-2 carbon signal was enriched in the 13 C-NMR spectrum of the 13 Clabeled 1. Furthermore, in the feeding experiment with [1-13 C] isobutyric acid, the C-6 carbon signal was enriched in the 13 C-NMR spectrum (Table 4 ). In contrast, the results of the feeding experiments with [1-13 C] sodium butyrate and L-[methyl-13 C]-methionine indicated that butyric acid and methionine were not incorporated in 1. Thus, these feeding experiments revealed that C-4 and C-5 of 1 were derived from acetate; C-2, C-3 and C-3-methyl, from propionate; and C-6, C-1¢, C-2¢ and 1¢-CH 3 , from isobutyrate ( Figure 4) . Hence, we determined the origin of all the carbon atoms of 1 and found that its biosynthesis involves the polyketide pathway.
DISCUSSION
The strain USF-6280 has morphological characteristics that were consistent with members of the genus Streptomyces. The biochemical 
Figure 4 Biosynthetic origin of surugapyrone A (1).
Surugapyrone A, a new DPPH radical-scavenger Y Sugiyama et al composition of the cell wall supported the classification of this strain as a member of this genus. The 16S rRNA gene analysis showed that the sequences of strain USF-6280 and the type strain of Streptomyces coelicoflavus were completely identical ( Figure 2 ). The cultural, physiological and biochemical characteristics of strain USF-6280 were also in agreement with those of the type strain of S. coelicoflavus as shown in Table 1 . On the basis of the phenotypic and phylogenetic data, it was concluded that the strain USF-6280 should be identified as a member strain of S. coelicoflavus. Surugapyrone A(1), a 4-hydroxy-2-pyrone, from S. coelicoflavus strain USF-6280 was characterized as a new, small molecule with mild DPPH radical-scavenging activity. The mild activity of surugapyrone A is similar to that of the two 4-hydroxy-2-pyrones previously isolated from fungi by our research group. 4, 11 Accordingly, the mechanism of the DPPH radical-scavenging of 1 was expected to proceed through formation of an adduct with the DPPH radical. 4, 11 Recently, the biosynthesis of similar 2-pyrone derivatives isolated from Streptomyces coelicolor was studied mainly by means of LC/MS analysis. 12 Our results indicated precise regiospecific incorporation of precursors, suggesting that surugapyrone A (1) was biosynthesized by type III polyketide synthase. In addition, we speculated that the C-6, C-1¢, C-2¢ and 1¢-CH 3 unit was derived from valine, which was reported to be metabolized to isobutyric acid in Streptomyces sp. 13, 14 In other words, the starter unit in the biosynthesis of 1 was an isobutyric acid moiety.
EXPERIMENTAL PROCEDURE General experimental procedures
The melting point of surugapyrone A was measured with Yanaco MP-J3 instrument (Yanaco, Kyoto, Japan). The IR spectrum was recorded with a Jeol FT/IR-550 infrared spectrometer (Jeol, Tokyo, Japan), and the NMR spectra were obtained with a Jeol JMN-ECA-500 spectrometer (Jeol), using tetramethylsilane as the internal standard. High-and low-resolution mass spectra were measured with a Jeol JMS-700 spectrometer (Jeol), using glycerol as the matrix. The UV spectrum was recorded with a Shimadzu UV-160A spectrometer (Shimadzu, Kyoto, Japan). Preparative HPLC was performed using a Jasco 880-PU and Jasco UV-970 apparatus (Jasco, Tokyo, Japan).
Taxonomy of the producing strain
The strain USF-6280 was isolated from a soil sample collected in Suruga-ku, Shizuoka-city, Japan. The type strain of S. coelicoflavus that was used for the comparative study was strain JCM 6918T (T, type strain). This strain was obtained from the Japan Collection of Microorganisms at the RIKEN BioResorce Center (Saitama, Japan).
The morphological characteristics of spore chains were examined by using cells grown on ISP 3. 15 Cultures were incubated at 28 1C for 14 days and observed with a scanning electron microscope (Hitachi S-2400; Hitachi, Ibaraki, Japan). Cultural, physiological and biochemical characteristics were determined after a 2-week incubation period at 28 1C according to the methods of Shirling and Gottlieb. 15 The isomers of diaminopimelic acid (A 2 pm) in the peptidoglycan were determined using the method of Staneck and Roberts. 16 The biomass used for the analyses were obtained from cultures in yeast extractglucose broth containing 1% yeast extract and 1% glucose (pH 7.2) grown on a rotary shaker. Extraction of genomic DNA extraction, PCR-mediated amplification of the 16S rRNA gene, and sequencing of the PCR products were carried out as described by Nakajima et al. 17 Multiple alignments of the sequences and construction of a neighbor-joining tree were performed by using the Clustal X program package. 18 The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain USF-6280 is AB548687.
Measurement of the DPPH radical-scavenging activity
The ethanol solution of a sample at various concentrations (1 ml) was mixed with a 0.5 mM DPPH ethanol solution (0.5 ml) and 0.1 M acetate buffer (pH 5.5;
